Animal Preparation
Thirty-five guinea pigs weighing between 800 and 850 g each were used for the CSF leakage and histological studies because the size of the cranium in these animals was adequate. Seven rats weighing between 250 and 350 g each were used for the immunohistochemical study because appropriate antibodies were not available for use in guinea pigs. The experimental protocols were approved by the Nagoya University Animal Institute. The animals were maintained in a temperature-and light-controlled environment and allowed free access to food and water.
Surgical Procedures
Anesthesia was induced in guinea pigs by intraperitoneal administration of 40 mg/kg of sodium pentobarbital. A 10 ϫ 10-mm craniotomy was created in the left parietal bone by using an electrical drill with the aid of a microscope. Care was taken not to damage the underlying dura mater and brain. A square piece of dura mater, measuring 8 ϫ 8 mm, was removed using microscissors. Three types of dural repair were performed (Fig. 1) . In Group I (10 guinea pigs) a square piece of fascial graft, measuring 9 ϫ 9 mm, which had been harvested from the animal's back was placed within the dural defect without sutures, and the graft was covered by overlying subcutaneous tissue and skin. In Group II (10 guinea pigs), the same fascial graft procedure was performed, but the graft was instead covered with a large silicone sheet. The edge of the silicone sheet was glued to the skull edges to prevent ingrowth of overlying subcutaneous tissue. In Group III (11 guinea pigs) the dural defect was reconstructed with a 9 ϫ 9-mm sheet of ePTFE instead of the fascial graft, and this was covered with a silicone sheet, as was done in Group II. Finally, in Group IV (four guinea pigs), a section of harvested fascia was placed on intact dura mater (no defect) and was then covered with the silicone sheet.
In the immunohistochemical study, seven rats underwent the same dural reconstruction as that performed in the guinea pigs in Group II. Anesthesia was induced in these animals by intraperitoneal administration of 50 to 60 mg/kg of sodium pentobarbital. The sizes of the craniotomy, dural defect, and fascial grafts were smaller than those specified in experiments involving guinea pigs: 9 ϫ 6 mm, 7 ϫ 4 mm, and 8 ϫ 5 mm, respectively.
One or two weeks postoperatively all animals were killed by intraperitoneal administration of an excessive dose of sodium pentobarbital and the CSF leak pressure study and histological and immunohistochemical analyses were performed.
The CSF Leak Study
The strength of the dural repair was evaluated in Groups I, II, and III. After killing each animal, a small burr hole was made in the right parietal bone. The dura mater at the burr hole was opened and the brain was aspirated through the hole. An infusion tube with two connection sites was then affixed within the hole. One connection site was used to inject gradually blue saline into the intracranial space, and the other was attached to a sphygmomanometer to monitor ICP. The strength of the dural repair was determined by the pressure at which the blue saline leaked from the wound margins of the dural repair. The resulting data are expressed as means Ϯ standard error of the means.
Histological Analysis
Following the CSF leakage study, the animals were decapitated and their heads were fixed in 10% formalin. After decalcification and inclusion of specimens in paraffin, the dural repair site with surrounding skull, dura, and brain was sagittally sectioned through the middle portion of the craniotomy site and stained with hematoxylin and eosin. The same histological study was performed in the guinea pigs comprising Group IV. Grades of histological processes (formation of fibrous tissue layers above and below fascial grafts, their connection to adjacent structures, and fibrous transformation of grafts) were expressed as none (no apparent processes), mild (apparent processes that do not fulfill the criteria for strong), or strong. The fibrous tissue layers around the fascia were defined as strong when their average thickness (measured both above and below the fascia) exceeded a half thickness of the fascial grafts. The connection to adjacent structures was defined as strong when the fibrous tissue connecting the graft to adjacent structures covered more than half of the craniotomy edge. The fibrous transformation of the grafts was defined as strong when entire grafts were transformed into fibrous tissue.
Immunohistochemical Analysis
The heads of rats that had undergone the same dural reconstruction used in Group II guinea pigs were fixed in 10% formalin, decalcified, set in paraffin, sagittally sectioned, and stained with hema-FIG. 1. Schematic representations of dural reconstructions performed in four groups of guinea pigs. A fascial graft (Groups I and II) or an ePTFE sheet (Group III) was placed at the dural defect. In Groups II and III, the graft was covered by a silicone sheet. In Group IV, the fascia was placed between the dura mater and a silicone sheet.
toxylin and eosin or with antibodies against bFGF, EGF, or TGF␤. The dilutions of primary antisera producing immunoreactivity were 1:100 for bFGF, 1:300 for EGF, and 1:100 for TGF␤: concentrations determined to be good for staining control tissues.
Sources of Supplies and Equipment
The guinea pigs and rats were both acquired from Chubu Kagaku Shizai Co. (Nagoya, Japan). The ePTFE (GORE-TEX) was manufactured by W. L. Gore and Associates, Inc. (Flagstaff, AZ). Antibodies against bFGF and TGF␤ were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The antibody against EGF was provided by Biogenesis Inc. (Kingston, NH).
Results

The CSF Leakage Study
The pressures at which CSF leaked are shown in Fig. 2 . The leak pressures at 1 and 2 weeks after surgery, respectively, were 50 Ϯ 14 mm Hg (five animals) and 126 Ϯ 20 mm Hg (five animals, p Ͻ 0.05 compared with measurements at 1 week) in Group I; 70 Ϯ 16 mm Hg (five animals) and 101 Ϯ 38 mm Hg (five animals) in Group II; and 0 mm Hg (six animals) and 8 Ϯ 8 mm Hg (five animals) in Group III. There was no statistical difference between findings in Groups I and II. The pressures at which CSF leaked in Group III were significantly lower than those in Group I or II (at 1 week, p Ͻ 0.01 compared with Group I or II; at 2 weeks, p Ͻ 0.05 compared with Group I). Table 1 shows the grades of histological changes within dural reconstruction sites in each guinea pig in the four groups. In Group I, at 1 week postoperatively, fibrous tissue was formed both above and below the fascial grafts ( Fig. 3 upper left) and was connected to the edge of surrounding dura mater and bone ( Fig. 3 upper right) . At 2 weeks, the fascia itself appeared to have transformed into fibrous tissue and the three-layer formation (fibrous tissue/fascial graft/fibrous tissue) observed at 1 week became difficult to differentiate (Fig. 3 center left) . In Group II at 1 week, fibrous tissue was also observed around the fascial grafts and at 2 weeks the graft was replaced by fibrous tissue. The rate of fibrous tissue replacement of fascia in Group II, however, was slower than that in Group I (Ta- * NA = not applicable; NE = not evaluated due to inadequate sectioning; Ϫ = none; ϩ = mild; ϩϩ = strong.
Histological Study
Group I at 1 wk 1 ϩϩ ϩϩ Ϫ 2 ϩϩ ϩ Ϫ 3 ϩ ϩ Ϫ 4 ϩϩ ϩ ϩ 5 ϩϩ ϩϩ Ϫ at 2 wks 6 ϩϩ ϩϩ ϩϩ 7 ϩϩ NE ϩϩ 8 ϩϩ ϩϩ ϩϩ 9 ϩ ϩ ϩ ϩ 10 ϩ ϩ ϩ ϩ Group II at 1 wk 11 ϩϩ ϩϩ Ϫ 12 Ϫ ϩ Ϫ 13 Ϫ ϩ ϩ Ϫ 14 ϩ ϩ ϩ 15 ϩϩ ϩϩ Ϫ at 2
FIG. 2. Graph
showing the ICP at which CSF leaked through the reconstructed dural defect in Groups I, II, and III at 1 or 2 weeks after reconstruction. *p Ͻ 0.05 compared with Group I at 1 week; **p Ͻ 0.01 compared with Group I or Group II at 1 week; ***p Ͻ 0.05 compared with Group I at 2 weeks. ble 1). Tight connections to adjacent tissues were also observed. In Group III, fibrous tissue surrounding the ePTFE sheet was thin and did not adhere to the ePTFE sheet at 1 week. At 2 weeks it remained a thin membrane that was weakly attached to adjacent structures (Fig. 3 center right) . In Group IV at 2 weeks (four animals), the fascial grafts that had been placed on intact dura mater had not induced fibrous tissue replacement and had, in fact, degenerated and disappeared (Fig. 3 lower) . Group I. One week after graft placement fibrous tissue (arrows) has connected to the edge of the surrounding dura mater and bone. Center Left: Group I. Two weeks after graft placement the fascial graft has transformed into fibrous tissue. Center Right: Group III. Two weeks after grafting there is only thin fibrous tissue surrounding the ePTFE sheet (asterisk). Lower: Group IV. Two weeks after grafting fibrous tissue (arrows) has formed around the site where the fascial graft had been placed, but has not been induced within the graft. Dura mater is indicated by arrowheads. H & E, original magnification ϫ 100 (upper and center right) and ϫ 250 (upper, center, and lower left). C = craniotomy edge; F = fascial graft. rats) and 2 weeks (four rats, Fig. 4 left) . Staining was most prominent near the dural edges (Fig. 4 right) . No specimens stained positively in response to antibodies against EGF or TGF␤.
Immunohistochemical Findings
Discussion
Healing Process at the Site of Fascial Reconstruction
In recent years, various approaches to tumors located in the skull base have been established. For malignant tumors an en bloc resection is essential. If the tumor extends to the dura mater, the lesion including the dura has to be removed. 30 Resection creates a connection between the intracranial space and the nasal or paranasal cavity and, consequently, reconstruction becomes an important aspect of these surgeries. The repair of the dural defect is critical to partition the intracranial and extracranial spaces and prevent CSF leak. The defect must be tightly sealed to sustain the 1 to 2 weeks of lumbar CSF drainage postoperatively. After this period, the wound margins must maintain their integrity against ICPs.
Healing of dural wounds takes place as a result of fibroblastic proliferation and the formation of connective tissue fibers induced by the dural edge or adjacent tissues. 13 Artificial membranes used as a substitute for dural defects induce less fibrous tissue formation and prevent adhesion to the brain surface. 15, 17, 31, 32 Mello and colleagues 19 demonstrated that a cellulose membrane was enveloped by two layers of connective tissue within 30 days, after which its thickness decreased. Yamagata, et al., 45 discovered that between 1 and 15 months after the dura mater was closed using an ePTFE sheet, a thin layer of granular tissue formed between the ePTFE sheet and the brain surface. This lack of fibrous tissue formation is a disadvantage in the treatment of dural defects in which early and strong scar formation is needed. Compared with artificial substitutes, bioabsorbable materials induce an early fibrous reaction. One week after duroplasty was accomplished using vicryl mesh or a collagen-coated vicryl mesh, a fine neomembrane or fibroblastic reaction was identified. 16, 32 Fibroblastic proliferation into collagen sponges had been observed as early as 5 days postoperatively and is well established by 15 days. 22 A sheet of synthetic bioabsorbable polymers produced pressure-resistant fibrous tissue at 2 weeks postoperatively. 44 The results of our study confirmed that when a fascial patch was used the healing process was quick and the repair strong compared with when the ePTFE artificial graft was used. The ePTFE sheet was surrounded by thin layers of fibrous tissue, which were only weakly connected to the adjacent dural edge even at 2 weeks postoperatively. This histological finding is supported by the fact that dural reconstruction achieved using the ePTFE sheet did not withstand elevations in ICP. On the contrary, the fibrous tissue that formed around the fascial graft was already tightly connected to adjacent dura mater at 1 week. This tight connection resulted in a watertight seal, as evidenced by the high pressure values that were tolerated-pressures much higher than normal ICP.
We compared the healing processes within the free fascial graft under two conditions: with and without a vascular supply from overlying subcutaneous tissue. Covered by vascularized subcutaneous tissue, the fascia was sandwiched between fibrous tissue layers within 1 week and completely replaced by a firm fibrous membrane by 2 weeks. Without the flap, the fascial graft healed similarly but more slowly. These results confirm that dural defects heal more rapidly when repaired with free fascial grafts covered by a vascularized flap. It also indicates that tight dural healing can be achieved in the absence of an overlying flap and, therefore, implies that nutrients from below the grafts can sustain graft healing.
Possible Role of bFGF
During the past three decades the number of molecules discovered to exhibit trophic actions in the brain has increased drastically. These include the neurotrophins, EGF, FGF, platelet-derived growth factor, insulin-like growth factor, ciliary neurotrophic factor, glial-derived growth factor, TGF␤, neurotransmitters, and hormones. 42 Involvement of TGF␤ in the development and fusion of cranial sutures is well described. The intense immunostaining for TGF␤ in dura mater underlying fusing sutures supports a role for the dura mater in suture fusion. 28 Both bFGF and TGF␤ are involved in regrowth of bone at the site of a skull defect. 11, 38 Other interactions between EGF, bFGF, and TGF␤ have also been reported. 8, 37 Cerebrospinal fluid has been proposed as playing an important role in the nutrition of cerebral arteries. 47 Divergent functions of neurotrophic factors found in CSF have also been described. Nerve growth factor, brain-derived neurotrophic factor, and neurotrophin 3 have all been found in CSF in the developing central nervous system. 43 The neuroprotective effects of neurotrophic factors such as nerve growth factor, brain-derived neurotrophic factor, insulinlike growth factor, bFGF, and ciliary neurotrophic factor have been demonstrated in cases of cerebral ischemia and brain injury. 24, 26, 39 Nerve growth factor has been found to accumulate transiently in CSF following neurosurgery, possibly to signal regeneration of damaged neural networks. 29 The neurotrophic actions of EGF and TGF␤ in CSF are also recognized. 20, 34 Cerebrospinal fluid collections of TGF␤, EGF, FGF, and platelet-derived growth factor have been shown to promote leptomeningeal cell proliferation and deposition of collagen fibers. 21 In the present study, fascia directly placed on the dura mater (Group IV, no exposure to CSF) did not induce fibrous transformation, but the fascial patches that were not covered by vascularized skin flaps (Group II, exposure to CSF) did heal well. Hence, damage to the dura mater and exposure to CSF might be related to the induction of fibroblasts when there is no blood supply from the cutaneous side. Although immunoreactivities of EGF, TGF␤, and bFGF were studied, fibrous tissue only displayed a positive reaction for bFGF.
Basic FGF is derived from mesoderm and neuroectoderm and is a potent mitogen of fibroblasts. 7 Its effects on the proliferating endothelium and collagen fibers contribute to angiogenesis and wound healing, and it plays an important role as a survivability factor in skin and muscle. 1, 4, 10, 27 Increased bFGF staining in dura mater located beneath fusing sutures suggests that bFGF in the dura is an important regulator of bone induction and sutural fusion. 18 In patients with moyamoya disease, bFGF immunoreactivity has been found to be increased in the dura mater and CSF, suggesting that bFGF may also play a role in neovascularization. 12, 46 Trophic and protective functions of bFGF in CSF for neurons have also been reported. 2 The results of the present study indicate a contribution on the part of bFGF in the healing process of free fascial grafts.
Conclusions
Durable fibrous tissue was induced in a dural defect within 1 week following surgical repair of the defect with a free fascial graft. This fibrous repair could be achieved both with and without the addition of a vascular supply from an overlying skin flap. On the other hand, the fibrous membrane that formed around the ePTFE sheet was thin and not resistant to pressure. These observations confirm that a benefit is achieved when fascial grafts are used in the repair of dural defects in the skull base. Our findings also indicate that fascial grafts can survive without skin flap coverage.
